Breast cancer is one of the most common malignancies among women, and the second leading cause of cancer-related mortality in the United States ([@bib30]). It is estimated that 232 340 new cases and 39 620 deaths will be occurred in 2013 ([@bib30]). Current therapies for breast cancer in clinic include surgery, chemotherapy, radiation, and hormonal therapies ([@bib5]). Among these therapies, chemotherapy is one of the major treatments for breast cancer ([@bib43]). However, intrinsic or acquired resistance to chemotherapeutic drug leads to failure of chemotherapy in many patients with breast cancer ([@bib1]; [@bib15]). Therefore, it is critical to explore the molecular mechanisms of drug resistance in breast cancer, and find novel therapeutic targets for overcoming drug resistance and improving the survival of breast cancer patients.

Paclitaxel, also known as taxol, as one of the most effective chemotherapeutic drugs has been used to treat human cancers including breast cancer ([@bib14]). Unfortunately, many patients developed drug resistance during paclitaxel treatment. Multiple studies have demonstrated that epithelial--mesenchymal transition (EMT) is involved in acquired resistance to paclitaxel in human malignancies ([@bib21]; [@bib10]). Epithelial--mesenchymal transition is a complex process by which epithelial cells transit to mesenchymal phenotype through loss of epithelial cell--cell junction and actin cytoskeleton reorganisation ([@bib9]). After EMT, cells lose the expression of epithelial marker E-cadherin, but gain the expression of mesenchymal markers such as Vimentin, Snail, Slug, ZEB1 (zinc-finger E-box binding homeobox 1), and ZEB2 ([@bib33]). It has been reported that chemoresistance to paclitaxel induced EMT and enhanced metastatic potential in ovarian carcinoma cells ([@bib21]). Moreover, paclitaxel-resistant (PR) ovarian cancer cells acquired EMT in part due to overexpression of phosphatidylinositol 3-kinase (PI3K) ([@bib10]). Emerging evidence also showed that PR breast cancer cells have higher expression of P-glycoprotein, lung resistance-related protein, and glutathione-S-transferase-*π*, which could be involved in paclitaxel resistance ([@bib7]). Although these studies revealed the paclitaxel resistance mechanism, the molecular basis for paclitaxel resistance has not been fully elucidated.

Skp2 (S-phase kinase-associated protein 2) has been found to have critical roles in the breast tumorigenesis ([@bib36]). Skp2 exerts its oncogenic functions through degradation of its ubiquitination targets such as p21 ([@bib42]), p27 ([@bib35]), p57 ([@bib22]), E-cadherin ([@bib19]), and FOXO1 ([@bib16]). Emerging evidence has revealed that Skp2 has important roles in cell growth, apoptotic cell death, migration, invasion, and metastasis in human breast cancer ([@bib44]; [@bib31]). Overexpression of Skp2 has been observed in breast cancer cell lines and primary breast tumours ([@bib26]; [@bib12]). Moreover, high expression of Skp2 is correlated with tumour recurrence in human cancers ([@bib11]). Furthermore, the positive relationship between Skp2 expression and tumour metastasis has been reported in human malignancies ([@bib34]). Notably, Skp2 overexpression was detected more frequently in tumours metastatic to the lymph nodes in breast cancer ([@bib44]). Consistently, depletion of Skp2 restricted breast cancer metastasis to the lung, whereas overexpression of Skp2 promoted the metastatic events ([@bib2]). Several studies have shown that Skp2 is involved in drug resistance in human cancers including breast cancer ([@bib20]; [@bib8]). Recently, one study showed that TGF-*β*1 induced EMT partly through upregulation of Skp2 in melanomas, indicating that Skp2 could have a role in EMT progress ([@bib25]). As Skp2 is involved in drug resistance and EMT, it is urgent to investigate whether Skp2 is critical involved in drug resistant-mediated EMT in breast cancer. In the current study, we established PR breast cancer cell lines. We further investigate whether these cells acquired EMT phenotype and features, and whether Skp2 has a pivotal role in PR-mediated EMT.

Materials and methods
=====================

Cell culture, reagents and antibodies
-------------------------------------

Human breast cancer cell lines MCF-7 and SKBR3 were cultured in RPMI 1600 (Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS), penicillin, and streptomycin, and maintained in a humidified 5% CO~2~ incubator at 37 °C. MTT \[3-(4,5-dimethythiazol- 2-yl)-2,5-diphenyl tetrazolium bromide\] was purchased from Sigma (St Louis, MO, USA). Primary antibodies against Vimentin, Snail, Slug, ZEB1, p21, p27, p57, and *β*-actin were bought from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-Skp2 and anti-FOXO1 antibodies were purchased from Abcam (Cambridge, MA, USA). MCF-7 and SKBR3 cells were exposed to increasing concentrations of paclitaxel for more than 6 months to create PR cell lines.

MTT assay
---------

The cells (5 × 10^3^) were seeded in each well of the 96-well plates for overnight incubation. Then, the cells were treated with different concentrations of paclitaxel for 72 h. MTT assay was performed as described previously ([@bib40]).

Cell attachment and detachment assay
------------------------------------

Cell attachment and detachment assays were performed as described before ([@bib23]). Briefly, for attachment assay, 5 × 10^4^ cells per well were seeded in 24-well plates. After 1 h incubation, the unattached cells were removed and attached cells were counted. For cell detachment assay, after 24 h incubation, the detached cells by 0.05% trypsin for 3 min were counted. The remaining attached cells were also counted after trypsinisation. Data were presented as a percentage of the attached or detached cells to total cells.

Transwell migration and invasion assays
---------------------------------------

Cell migration was assessed using 24-well inserts with 8 *μ*m pores as described before ([@bib40]). The invasive activity of cells was detected by using BD BioCoat Tumor Invasion Assay System (BD Biosciences, Bedford, MA, USA) following the protocol provided by the manufacturer as described earlier ([@bib40]). Briefly, cells were added to the upper chamber of the inserts. RPMI1600 medium with 10% FBS was added to the lower chamber. The cells were allowed to migrate for 12 h at 37 °C. After removing cells on the upper side of the transwell, the invading cells on the underside were fixed and stained with Giemsa solution. The stained invasive cells were photographed under a microscope.

Wound healing assay
-------------------

The cells were seeded in six-well plate until the cells grew to 90% confluency. The scratch wound was generated by a pipette tip in the surface of the plates. Photographic images were taken at 0 and 16 h.

Quantitative RT--PCR analysis for gene expression
-------------------------------------------------

The total RNA was isolated with Trizol (Invitrogen) according to the manufacturer\'s protocols. The relative quantitative real-time PCR reactions were described previously ([@bib40]). The primers used in PCR reaction are below: Skp2, forward primer (5′-TGC TAA GCA GCT GTT CCA GA-3′) and reverse primer (5′-AAG ATT CAG CTG GGT GAT GG); E-cadherin, forward primer (5′-GAA GTG TCC GAG GAC TTT GG-3′) and reverse primer (5′-CAG TGT CTC TCC AAA TCC GAT A-3′); Vimentin, forward primer (5′-TGT CCA AAT CGA TGT GGA TGT TTC-3′) and reverse primer (5′-TTG TAC CAT TCT TCT GCC TCC TG-3′); Snail, forward primer (5′-CGG AAG CCT AAC TAC AGC GA-3′) and reverse primer (5′-GGA CAG AGT CCC AGA TGA GC-3′); Slug, forward primer (5′-CAT GCC TGT CAT ACC ACA AC-3′) and reverse primer (5′-GGT GTC AGA TGG AGG AGG G-3′); GAPDH, forward primer (5′-CAG CCT CAA GAT CAT CAG CA-3′) and reverse primer (5′-TGT GGT CAT GAG TCC TTC CA-3′).

Western blotting analysis
-------------------------

Cells were lysed with RIPA buffer (50 m[M]{.smallcaps} Tris, 150 m[M]{.smallcaps} NaCl, 1% TritonX-100, 0.1% sodium dodecyl sulphate, and 1% nadeoxycholate) supplemented with protease inhibitors. The protein concentrations were determined using the Bio-Rad protein assay kit (Bio-Rad Laboratories, Hercules, CA, USA). The proteins were separated by SDS--PAGE and then electrotransferred to membranes. These membranes were then immunoblotted with indicated antibodies for western blotting as described previously ([@bib32]).

Cell cycle analysis
-------------------

Cells were plated at 1 × 10^5^ cells/well on six-well plates. After 48 h, cells were washed twice with cold PBS and fixed with 70% ethanol overnight at 4°C. Then, the cells were resuspended to 1 × 10^6^ cells/ml in PBS and incubated with 100 *μ*g ml^−1^ RNase A and 50 mg ml^−1^ propidium iodide (PI) at room temperature for 30 min. The distribution of the cells throughout cell cycle was determined by flow cytometry.

Transfection
------------

Cells were seeded in six-well plates and transfected with Skp2 siRNA, or control siRNA using Lipofectamine 2000 as described before ([@bib40]). The sequences used for Skp2 siRNA are as followed: Skp2 siRNA1, Forward oligo, 5′-GGA GUG ACA AAG ACU UUG UTT-3′ Reverse oligo, 5′-ACA AAG UCU UUG UCA CUC CTT -3′ Skp2 siRNA 2, Forward oligo, 5′-GUG AUA GUG UCA UGC UAA ATT-3′ Reverse oligo, 5′-UUU AGC AUG ACA CUA UCA CTT-3′ Skp2 siRNA 3, Forward oligo, 5′-GUC GGU GCU AUG AUA UAA UTT-3′ Reverse oligo, 5′-AUU AUA UCA UAG CAC CGA CTT-3′. The non-targeting control siRNA, Forward oligo, 5′-UUC UCC GAA CGU GUC ACG UTT-3′ Reverse oligo, 5′-ACG UGA CAC GUU CGG AGA ATT-3′. After the transfection, the cells were used for further analysis as described under the results section.

Statistical analysis
--------------------

Each experiment consisted of three replications. Statistical comparisons between different groups were evaluated using GraphPad Prism 4.0 (Graph pad Software, La Jolla, CA, USA). Statistical analyses were performed with mean±standard deviation (s.d.) values. *P*\<0.05 was considered statistically significant.

Results
=======

Establishment of PR breast cancer cell lines
--------------------------------------------

To explore the mechanism of drug resistance in breast cancer, we established the PR breast cancer cells. MCF-7 and SKBR3 cells were exposed to increasing concentrations of paclitaxel for more than 6 months. As illustrated in [Figure 1A](#fig1){ref-type="fig"}, 10 *μ*g ml^−1^ paclitaxel led to ∼50 and 70% cell growth inhibition in SKBR3 and MCF-7 cells, respectively. However, PR cells exhibited resistance to the growth inhibitory properties of 10 *μ*g ml^−1^ paclitaxel ([Figure 1A](#fig1){ref-type="fig"}). The resistant cells were continuously maintained in RPMI1600 medium containing 10 *μ*g ml^−1^ paclitaxel for the current study.

PR cells acquire EMT feature
----------------------------

Multiple studies have demonstrated that drug-resistant cells exhibited EMT phenotype ([@bib38]; [@bib24]). Consistent with this notion, we observed that MCF7 PR and SKBR3 PR cells acquired the markedly morphologic changes, which were associated with EMT phenotype. Both MCF7 PR and SKBR3 PR cells exhibited elongated, fibroblastoid morphology, whereas MCF7 and SKBR3 displayed a rounded shape ([Figure 1B](#fig1){ref-type="fig"}). It has been well documented that induction of EMT was associated with aggressive characteristics, such as cell attachment, detachment, migration, and invasion. In line with this concept, we found that PR cells have significantly increased numbers of invaded cells through a Matrigel-coated membrane compared with parental cells ([Figure 1C](#fig1){ref-type="fig"}). Moreover, our results showed that PR cells have enhanced capacity of attachment and detachment compared with parental cells ([Figure 1D](#fig1){ref-type="fig"}). Furthermore, our wound healing assay revealed that PR cells have enhanced motility activity ([Figure 2A](#fig2){ref-type="fig"}). Taken together, these findings suggest that PR cells acquire EMT characteristics.

PR cells have EMT molecular marker changes
------------------------------------------

To validate whether PR cells have EMT molecular marker changes, we compared the expression of EMT markers in paired parental and resistant cell lines by RT--PCR and western blotting analysis, respectively. We found that epithelial molecule E-cadherin was significantly decreased in PR cells, whereas the expression of mesenchymal markers such as Snail, Vimentin, and Slug was highly elevated in PR cells ([Figure 2B and C](#fig2){ref-type="fig"}, [Figure 3](#fig3){ref-type="fig"}). These results further confirmed that PR cells acquired a mesenchymal phenotype, which could be involved in paclitaxel resistance in breast cancer.

Overexpression of Skp2 was found in PR cells
--------------------------------------------

Recently, emerging evidence has demonstrated that Skp2 is involved in EMT in human cancer. To explore whether Skp2 has a critical role in PR-mediated EMT, we measured the expression of Skp2 at mRNA and protein levels in PR cells and parental cells using RT--PCR and western blotting, respectively. As expected, we found that the expression of Skp2 at mRNA and protein levels was significantly elevated in PR cells compared with parental cells ([Figure 4A and B](#fig4){ref-type="fig"}). Consistently, the expression of Skp2 substrates including p21, p27, p57, and FOXO1 were decreased in PR cells ([Figure 4B](#fig4){ref-type="fig"}). Moreover, cell cycle analysis results showed that it has an increased S phase in PR cells ([Figure 4C](#fig4){ref-type="fig"}). These findings indicated that the acquisition of EMT could be in part due to overexpression of Skp2 in PR cells.

Depletion of Skp2 reverses EMT to MET in PR cells
-------------------------------------------------

To further investigate whether Skp2 has a critical role in PR-induced EMT, we depleted the expression of Skp2 in PR cells. As demonstrated in [Figure 4D](#fig4){ref-type="fig"}, Skp2 siRNA2 transfection significantly inhibited the expression of Skp2 in PR cells. Then, we used Skp2 siRNA2 to explore whether depletion of Skp2 could reverse EMT to mesenchymal--epithelial transition (MET) in PR cells. Indeed, we found that PR cells with Skp2 siRNA treatment exhibited round cell-like morphology ([Figure 4E](#fig4){ref-type="fig"}), suggesting that downregulation of Skp2 partly reversed EMT to MET phenotype. In support of this, depletion of Skp2 by its siRNA in PR cells inhibited cell attachment and detachment capacity ([Figure 4F](#fig4){ref-type="fig"}).

Depletion of Skp2 reduces motility and invasion in PR cells
-----------------------------------------------------------

To further validate the role of Skp2 in PR cells, we detected the cell motility and invasion capacities in PR cells after Skp2 siRNA transfection. Our results showed that depletion of Skp2 markedly inhibited the migration and invasion in PR cells ([Figure 5A--C](#fig5){ref-type="fig"}). Consistent with these results, our wound healing assay demonstrated that Skp2 siRNA reduced cell motility in PR cells ([Figure 5D](#fig5){ref-type="fig"}). These findings revealed that Skp2 is critically involved in cell migration and invasion characteristics in PR cells.

Depletion of Skp2 regulates expression of EMT markers
-----------------------------------------------------

To define whether depletion of Skp2 changes the expression of EMT markers in PR cells, we measured the expression of EMT molecules in PR cells transfected with Skp2 siRNA by real-time RT--PCR and western blotting analysis. We found that the expression of epithelial marker E-cadherin was highly increased in PR cells after depletion of Skp2, whereas the expression of mesenchymal markers including Vimentin, Snail, and Slug was significantly deceased in PR cells with Skp2 siRNA transfection ([Figure 6](#fig6){ref-type="fig"}). Altogether, our results identified that Skp2 is involved in regulation of EMT in PR cells.

Downregulation of Skp2 enhances PR cells to paclitaxel sensitivity
------------------------------------------------------------------

To investigate whether downregulation of Skp2 expression enhances PR cells to paclitaxel sensitivity, we performed MTT assay in Skp2 siRNA transfected PR cells. We found that depletion of Skp2 significantly attenuated cell growth inhibition around 30--35% induced by 10 *μ*g ml^−1^ paclitaxel ([Figure 7A](#fig7){ref-type="fig"}). These results suggested that Skp2 siRNA-transfected PR cells were significantly more sensitive to paclitaxel-induced cell growth inhibition.

Discussion
==========

Breast cancer is one of the most common causes of death in women in the United States ([@bib30]). Chemotherapeutic drugs such as paclitaxel against breast cancer have only modestly effective due to acquired drug resistance. Therefore, it is necessary to define the mechanism of drug resistance in breast cancer. To this end, in the current study, we explored the molecular mechanism of paclitaxel resistance in breast cancer cells. We found that PR breast cancer cells acquired EMT characteristics and had increased motility and invasion activities. Moreover, overexpression of Skp2 was observed in PR cells. More importantly, depletion of Skp2 partly reversed EMT to MET, suggesting that Skp2 is involved in chemoresistance and EMT characteristics of breast cancer cells. Thus, targeting Skp2 could be a novel strategy for overcoming drug resistance and successful treatment of breast cancer.

A growing body of literature strongly suggests that there is a link between EMT and chemoresistant cancer cells. Our previous study showed that gemcitabine-resistant pancreatic cancer cells underwent EMT progression through Notch signalling pathway ([@bib39]). Similarly, gemcitabine-resistant hepatocellular carcinoma cells acquired EMT characteristics with decreased E-cadherin and increased Vimentin, Snail, and Slug ([@bib40]). Paclitaxel-resistant ovarian cancer cells exhibited EMT phenotype and high expression of PI3K ([@bib21]; [@bib10]). In line with these reports, our study demonstrated that PR breast cancer cells displayed EMT phenotype with downregulation of E-cadherin and upregulation of Vimentin, Snail, and Slug. Furthermore, PR breast cancer cells have enhanced activities of migration and invasion. Our findings suggest that paclitaxel resistance is associated with EMT in breast cancer.

Skp2 has been found to be involved in drug resistance and EMT ([@bib3]). For example, it has been reported that Skp2 confers resistance of pancreatic cancer cells towards the tumour necrosis factor-related apoptosis-inducing ligand-induced apoptosis ([@bib29]). Overexpression of Skp2 increased chemoresistance against camptothecin and cisplatin in human lung cancer cells ([@bib20]). In line with this, overexpression of Skp2 is associated with resistance to preoperative doxorubicin-based chemotherapy in breast cancer ([@bib8]). Moreover, depletion of Skp2 sensitises Her2-overexpressing tumours to Herceptin treatment ([@bib3]). In support the role of Skp2 in drug resistance, overexpression of Skp2 was observed in PR breast cancer cells. Recently, we found that Skp2 promoted E-cadherin ubiquitination and degradation ([@bib19]). Consistently, we observed an inverse correlation between Skp2 and E-cadherin expression in breast tumour samples ([@bib19]; [@bib37]). It has been known that E-cadherin suppression, as a hallmark of EMT, has a critical role during EMT. Several factors such as Snail, ZEB, and Twist mediated EMT through inhibition of E-cadherin expression ([@bib13]). As E-cadherin is a substrate of Skp2 ([@bib19]), Skp2 regulated EMT partly through degradation of E-cadherin. More recently, one study has shown that TGF-*β*1 induced EMT partly through upregulation of Skp2 ([@bib25]). These findings indicated that Skp2 could regulate EMT in human cancer. Indeed, we observed the high expression of Skp2 in EMT-type cells. Strikingly, depletion of Skp2 caused the reversal of EMT to MET phenotype in PR cells. Altogether, our findings provide an insight into the mechanisms involved in paclitaxel resistance.

In summary, for the first time, our findings revealed that PR cells underwent EMT in part due to overexpression of Skp2 signalling pathway ([Figure 7B](#fig7){ref-type="fig"}). Furthermore, downregulation of Skp2 enhanced PR cells to paclitaxel sensitivity. These results also demonstrated that inactivation of Skp2 could be a promising strategy for restoring sensitivity to paclitaxel. Thus, Skp2 could be a potential molecular target for the treatment of breast cancers with acquired resistance to paclitaxel. To this end, several small molecule inhibitors including Compound A, SMIP0004, and Compound 25 (also known as SZL-P1-41) that block the Skp2 have been developed through a high-throughput screening ([@bib6]; [@bib27]; [@bib4]). Interestingly, natural agents including curcumin, quercetin, lycopene, silibinin, epigallocatechin-3-gallate, and Vitamin D3 could downregulate Skp2 expression in human cancers ([@bib41]; [@bib28]; [@bib18], [@bib17]). Owing to the non-toxic nature of natural agents, inactivation of Skp2 by these agents could be a novel and safer approach for the prevention of tumour progression and/or treatment of breast cancer.
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![**PR cells exhibited EMT phenotype.** (**A**) MTT assay was conducted in parental and PR breast cancer cells. \**P*\<0.05 *vs* control. (**B**) Cell morphology was observed by microscopy in parental and PR cells. Parental MCF7 and SKBR3 cells displayed an epithelioid appearance, whereas their PR cells showed elongated, irregular fibroblastoid morphology. (**C**) Invasion assay was performed to measure the invasive capacity in parental and PR cells. (**D**) Cell attachment and attachment assays were assessed in parental and PR cells. \**P*\<0.05 *vs* control.](bjc2014136f1){#fig1}

![**PR cells have enhanced motility activity.** (**A**) Wound assays were performed in parental and PR cells. (**B** and **C**) Real-time RT--PCR assay was conducted to detect the expression of EMT markers in parental and PR cells. \**P*\<0.05 PR *vs* control.](bjc2014136f2){#fig2}

![**PR cells have EMT marker changes.** (**A**) Western blotting analysis was used to detect the expression of E-cadherin, Snail, Slug, and Vimentin in MCF7 and MCF7 PR cells. (**B**) Quantitative results are illustrated for panel **A**. \**P*\<0.05 *vs* control. (**C**) Western blotting analysis was performed to measure the expression of E-cadherin, Snail, Slug, and Vimentin in SKBR3 and SKBR3 PR cells. (**D**) Quantitative results are illustrated for panel **C**. \**P*\<0.05 *vs* control.](bjc2014136f3){#fig3}

![**PR cells have high expression of Skp2.** (**A**) Real-time RT--PCR assay was conducted to detect the expression of Skp2 in parental and PR cells. \**P*\<0.05 PR *vs* control. (**B**) Western blotting analysis was performed to detect the expression of Skp2 and its target genes in parental and PR cells. (**C**) Cell cycle analysis was performed by PI staining and flow cytometry in parental and PR cells. (**D**) Western blotting analysis was performed to detect the efficacy of Skp2 siRNA transfection. (**E**) Cell morphology was taken by microscopy in PR cells transfected with Skp2 siRNA. (**F**) Cell attachment and detachment assays were measured in PR cells transfected with Skp2 siRNA. \**P*\<0.05 *vs* control. Abbreviations: CS=control siRNA; SS=Skp2 siRNA.](bjc2014136f4){#fig4}

![**Depletion of Skp2 inhibits motility and invasion in PR cells.** (**A**) Migration assay were conducted in PR cells transfected with Skp2 siRNA. (**B**) Invasion assay were performed in PR cells transfected with Skp2 siRNA. (**C**) Quantitative results are illustrated for panel **A** and **B**. \**P*\<0.05 *vs* control. (**D**) Wound healing assays were used to detect the motility in PR cells transfected with Skp2 siRNA.](bjc2014136f5){#fig5}

![**Depletion of Skp2 regulates expression of EMT markers in PR cells.** (**A** and **B**) Real-time RT--PCR was performed to quantify mRNA expression of EMT markers in PR cells transfected with Skp2 siRNA. \**P*\<0.05 compared with control siRNA. (**C** and **D**) Western blotting analysis was used to detect the expression of EMT markers in PR cells transfected with Skp2 siRNA. Abbreviations: CS=control siRNA; SS=Skp2 siRNA.](bjc2014136f6){#fig6}

![**(A) MTT assay was performed in PR cells treated with Skp2 siRNA.** \**P*\<0.05 compared with control siRNA. (**B**) A proposed model for Skp2 in PR EMT-type cells. Abbreviations: BC=breast cancer; CS=control siRNA; EMT=epithelial-to-mesenchymal transition; PR=paclitaxel-resistant; SS=Skp2 siRNA.](bjc2014136f7){#fig7}
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